ABSTRACT
Introduction
Expeditious Urbanization and unaccustomed growth have been two important factors generally responsible for degradation in the air quality of megacities. Apart from anthropogenic emission sources located in urban areas, atmospheric dispersion and transport plays a very crucial and significant role in creating high pollution episodes. Analysis of extreme pollution events not only greatly helps in better understanding of the air quality status of an area or region, but also helps in identifying the possible pollutant intoxication tracks from robust/various emission sources and thus further help in formulating regulatory and strategic mitigation policies by regulatory and administrable bodies. Delhi, the National Capital of India, home of ~16 million people (Singh and Dey, 2012) , and one of the fastest growing economic centers of South Asia (Sindhwani and Goyal, 2014) , has experienced remarkable growth over various sectors like industry, transport and housing during 1990-2010 (Guttikunda and Calori, 2013) . This economic boom has thereby, resulted in deteriorating the air quality of megacity Delhi. Kansal et al. (2011) estimated that vehicles contribute about 90% of NO 2 towards air pollution of Delhi. Nearly, more than 80% of NO X , CO and VOCs (volatile organic compounds) pollution have been contributed by transport sector of Delhi (Gurjar et al., 2004) . In addition to this, Sahu et al. (2011) estimated an increase of nearly 69% in NO X emissions over India during 2000 to 2011. Moreover, several scientific studies have summarized that the air pollution in Delhi has resulted in severe impact on human health ranging from respiratory illnesses to death (Guttikunda and Goel, 2013; Nagpure et al., 2014 ).
In the presence of sunlight (hν), oxygen (O 2 ) and nitrogen dioxide (NO 2 ) react in the atmosphere to form ozone (O 3 ) and can build up to a hazardous level under conducive meteorological condition (Davidson, 1993; Wakamatsu et al., 1996) . The high level of NO 2 and CO not only results in deterioration of air quality but also enhances the ozone formation. In the presence of nitric oxide, oxidation of CO increases, which consequently results in the O 3 formation even in clean atmosphere (Crutzen 1973) . A high level of NO 2 increases the production of O 3 in polluted environments (traffic cross-sections) by the photochemical oxidation of the unburned hydrocarbons from automobiles exhaust gases (Crutzen 1979) . The photochemical pollution due to ozone has become one of the most serious air quality problems in Delhi during the recent years as it causes damage to human health, vegetation, and materials (e.g., Burnett et al., 1997 , Wang et al., 2005 . Since, the formation of daytime ozone is mainly dominated by photochemical reactions. Jacob (1999) described the ozone production reaction, according to the study 70 % of ozone formation is dominated by HO 2 
Methodology

Study Area
Delhi is one of the most highly polluted urban megacity in India. Vehicular traffic and power plants are dominant emission sources of NO X and CO over the study domain (Guttikunda and Calori, 2013) . The selected domains for the present study are shown in (Fig. 1 ). The Domain 1 covers the almost Asia (71 x 71) at a spatial resolution of 81 km, Domain 2 is the first nested domain which encompasses northern and central India at 27 km resolution (61 x 61) while the second nested domain is of 9 km (49 x 49) spatial resolution covers Delhi and its satellite cities centered at 28.7° N and 77.1° E. Delhi a semi-arid type of city has an extremely hot summers very cold and dry winter (Kumar and Goyal, 2011) . For this study, air quality data at three monitoring sites namely IGI (Indira Gandhi international airport site) (28. Figure 1 . Configuration of the WRF/Chem Simulation domains and the meteorological and air quality monitoring stations over the innermost domain.
Simulation Details and Model Inputs
This study uses the version 3.6 of the WRF/Chem, which is developed under the collaborative efforts of several research institutes led by NOAA, NCAR and DOE/PNNL (http://ruc.noaa.gov/wrf/WG11/). WRF/Chem is a version of WRF coupled "online" with a chemistry model, where meteorological and chemical components of the model are predicted simultaneously. The model domain is defined on a Mercator projection centered at 28.7°N, 77.1°E. For surface processes, the model setup uses the combination of Lin microphysics scheme (Lin et al., 1983) , NOAH Land Surface model (Chen and Dudhia, 2001 ) and Rapid Radiative Transfer Model (RRTM) long-wave radiation scheme (Mlawer et al., 1997) . The vertical sub-grid scale fluxes due to eddy transport in the planetary boundary layer (PBL) and the free troposphere are parameterized according to the Yonsei University (YSU) boundary layer scheme (Hong et al., 2006) . The Goddard scheme (Chou and Suarez, 1994 ) was used to compute atmospheric shortwave radiation since, it is more compatible with the chosen gas-phase chemical mechanism namely Regional Acid Deposition Model, Version 2 (RADM2) (Stockwell et al., 1990 (Fig. 2) . The simulation has been performed for consecutive 7 days from June 15 th to 21 st for the years 2012 and 2013 respectively. However, there is striking difference between the days selected in the years 2012 and 2013 described in proceeding section. In addition to it, an online HYSPLIT model (http://www.arl.noaa.gov/ready/hysplit4.html), a back trajectory model, has been used to study long-range transport as it aids in tracing air-mass pathways from likely pollutant source regions.
Results and Discussion
The observed hourly averaged temperature from 15 th June to 21
st June during the year 2013 found to be quite low in comparison to corresponding period of 2012 ( Fig. 2 lower  panel) . The wind rose plot for the study period of 2012 and 2013 has been presented in (Fig. 2) . During June 2012, west-northwesterly wind has been found to be dominating ( Fig. 2 (a) ), which is very different from the wind direction of 2013, as it is found to be dominant as easterly winds ( Fig.2 (b) ). Extreme pollution episode in June 2013 was thus caused due to winds blowing from south east moving up towards northeast, which caused transport of air pollutants from the Indo-Gangetic plains (IGP), one of highly polluted areas of northeastern India. Usually, these winds are dominant during the month of onset of monsoon i.e., end of June or first week of July, but this pattern was not observed in 2012. The northeasterly winds, which pass over IGP, where the major rubber, leather and rice manufacturing areas are situated, resulted in high pollution event in Delhi due to transport and accumulation of pollutants over the study region.
Also, meteorological conditions of the study region along the trajectories in 2013 have been analyzed, which further support the claim that significant amount of pollutants were transported from highly polluted region of IGP, which has significant influence on the air quality of Delhi region. Shan et al (2009) inferred that long-range transport from extremely polluted areas combined with favourable meteorological conditions has the potential to influence the air quality of a region and can be held responsible for high ozone episodes. Chelani (2013) also concluded that transport from nearby areas also contributes to the high ozone events in Delhi including its precursors CO and NO 2 .
Conclusions
The present article illustrates the possible reason of occurrence of high pollution episode over a landlocked area the national capital region Delhi of India. The surrounding region especially in north and northeast by IGP adversely affect the air quality level during high pollution episode. The major findings of the study are as follows:
• The extreme pollution episode that occurred in megacity Delhi during June 2013 was the result of unusual pattern of winds. The winds, which have been usually west and northwesterly during the month of June, which are responsible for bringing clean air at the onset of monsoon, has changed its course of flow in June 2013. The monsoon reached Delhi in just 15 days from the date of onset (1 st June).
• Rapid progression of summer monsoon caused change in wind pattern. Generally, winds blow from northwest or west direction in Delhi during June but they changed their course during 2013 and have been blowing from east or southeast.
• WRF/Chem with RADM2 chemistry option has been found to be performing well in 2012 though was not capable of capturing the peak O 3 , NO 2 and CO during the high pollution episode in 2013.
• The incorporation of authenticate regional emission inventory instead of global inventory EDGAR in the WRF/Chem air quality model will provide a better insight into the simulated value of various pollutants concentration in the study area.
• Back trajectories simulated using NOAA HYSPLIT model further supported the hypothesis of long-range transport and explained that due to southeasterly winds passing over the highly polluted areas of IGP, majorly of them resulted in extreme pollution event in June 2013.
• WRF/Chem model simulations along with HYSPLIT Model and the observed meteorological data has been found to be a useful tool that helped in analysis of pollution event.
• Finally it can be concluded that long-range transport combined with meteorological data along the trajectories helped in inferring that the transport of air mass from highly polluted areas like IGP adversely affected the ambient air quality of megacity Delhi.
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In addition to the above findings further investigation need to be carried out to look after the actual share of various external agents prominently meteorological and anthropogenic factors.
